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ABSTRACT 
 
Light interacting with biological matter is dominated by light scattering; biological matter is turbid. In 
order not to harm the natural structure of biological matter, visible light can be used to investigate it, 
and to avoid the light being absorbed from e.g. blood and water, an optical window in the longer 
wavelength region of the visible spectrum is used, that is, red light. One can actually check the validity of 
this optical window in a very simple way with nothing but a normal flash light and a finger tip. Putting 
the finger tip onto the flash light, it can be seen what light is mostly let through, and indeed, the finger 
appears red!  
Spectralon®, which is a type of plastic, is the material we know of with the highest diffuse reflectance, 
i.e. the most scattering material that has come to our attention. A first aim for this thesis was to 
investigate Spectralon® in terms of scattering and absorption coefficients, which is directly related to 
the number of events of scattering and absorption, respectively.  These single events of scattering and 
absorption were recorded using Time-of-Flight Spectroscopy (TOFS). 
The system used to measure these properties of Spectralon® in short consists of a laser, optical fibers, 
i.e. one source fiber and one detection fiber, and a detector. In order to diagnose the response of the 
system, i.e. how fast it is, so called Impulse Response Function (IRF) measurements are made. These IRF 
measurements are made in connection to each sample measurement, and in order not to harm the 
detector with the light coming from the laser, as well as attempting to fill the entire cross-section of the 
detection fiber with light, some material must be put in between the source and the detection fiber. 
That is, in one aspect, this material might be seen as a pair of shades for the detector, which in turn is 
our eyes. A second aim for this thesis was finding a suitable material for this very important job. These 
investigations were carried out both theoretically by running computer simulations, but foremost 
experimentally by systematically testing different materials and then comparing the results . The 
number of materials were narrowed down to four; black-printed white writing paper, ready black paper, 
black-sprayed Teflon® tape, and black masking tape.  
As one of the first measurements in the world,  the both the scattering coefficient and the absorption 
coefficient as a function of wavelength  were measured for Spectralon®. The results agree with the 
theory on how the material should behave; the absorption coefficient increases with the wavelength 
and the scattering coefficient decreases in the same region. 
As for finding a suitable IRF material, it could be concluded from the experiments that the black-printed 
paper, already used today by the Biophotonics group, despite the porous nature of paper, indeed is a 
suitable material for this type of measurement. 
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POPULÄRVETENSKAPLIG 
SAMMANFATTNING PÅ SVENSKA  
 
Då vi lyser med ljus på något ämne kan det huvudsakligen hända tre olika saker; ljuset går rakt igenom 
ämnet (transmitteras), ljuset tas upp av ämnet (absorberas) eller ljuset ändrar riktning i ämnet (sprids). 
Vi ser alla dessa effekter hela tiden och de är självklara i vårt vardagliga liv. Ett exempel är de färger vi 
uppfattar och som utgör en stor del av de synintryck som vi får från vår omgivning. Vi uppfattar ljuset 
från solen eller en vanlig glödlampa som vitt eftersom det består av alla färger, eller våglängder, som vi 
kan se. Att olika saker har olika färger beror på att de absorberar olika färger från det vita ljuset. Det 
gröna gräset till exempel absorberar alla färger i det vita ljuset utom just grönt, och just därför uppfattar 
vi det som grönt. Något vi uppfattar som svart absorberar alla våglängder, och något vitt absorberar inga 
våglängder alls. Varje slag av atomer (grundämnen), och därför också molekyler som ju består av 
atomer, absorberar olika våglängder och på så sätt kan ljus användas för att bestämma vilka 
grundämnen som ingår i en förening.  Spridning, som är den dominerande processen då ljus lyses på 
biologisk materia,  är effekten som till exempel gör himlen blå under dagen och röd eller gul vid 
soluppgången eller solnedgången.   
Vi skiljer synligt ljus från annat ljus efter vårt ögas förmåga att uppfatta det. Solljus innehåller även 
våglängder som vi inte kan uppfatta. Exempel på sådana områden av våglängder är ultraviolett och 
infrarött. Det finns dock en hel del djurarter som kan uppfatta båda dessa våglängdsområden eller ett 
utav dem.  Exempelvis blåmesen uppfattar förutom det synliga området även det ultravioletta. Det finns 
en sorts fjäril som uppfattar så mycket som tolv olika våglängdsområden, medans vi människor bara 
uppfattar ett! Grunden till dessa skillnader mellan olika arter ligger i den fysiologiska uppbyggnaden av 
ögat. Hos oss människor kanske förmågan att uppfatta olika våglängdsområden är begränsad, men det 
ljus vi uppfattar är hur som helst ofarligt för oss, det är så kallat icke-joniserande. Att någonting är icke-
joniserande innebär att det inte har förmågan att ändra på strukturen hos atomer och molekyler i vår 
kropp eller i andra biologiska material. Dessutom skapar synligt ljus inte heller några andra obehag för 
oss. Därför kan det vara fördelaktigt att använda synligt ljus då man vill undersöka strukturen hos 
biologiska material. I biomedicinsk optik används synligt ljust med långa våglängder, det vill säga rött 
ljus, nära det infraröda våglängdsområdet. Anledningen till att rött ljus är att föredra framför andra 
färger är att till exempel vatten och blod, som är vanliga i biologiskt material, absorberar mindre av 
dessa våglängder.  Att absorptionen är lägre innebär att man kan nå djupare ner i materialet med rött 
ljus. 
Spridningen av detta röda ljus går att undersöka med rent matematiska modeller och datorer.  
Spridningen kan också undersökas experimentellt med en laser som ger de önskade våglängderna. 
Lasern skickar då en extremt kort puls av ljus som sedan leds genom en tunn glasfiber till materialet man 
önskar undersöka. På andra sidan av materialet finns ytterligare en glasfiber som leder ljuset vidare till 
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detektorn. Enstaka händelser av absorption och spridning kan detekteras, och informationen kan 
användas för att bestämma vad materialet är uppbyggt av och hur.  
Syftet med den här uppsatsen var huvudsakligen att försöka bidra med en förbättring av de 
experimentella mättekniker som används idag. För att de mätningar som görs ska vara exakta måste 
man veta hur snabbt systemet är, det vill säga hur lång tid det tar för pulsen från lasern att nå 
detektorn. När snabbheten testas placeras något material mellan glasfibern från lasern och glasfibern till 
detektorn, alltså där man normalt sett har sitt prov, och tiden det tar för ljuset att nå detektorn 
registreras. Det är nödvändigt att ha något material mellan de två fibrerna, bland annat för att dämpa 
ljuset som kommer från lasern som annars skulle förstöra detektorn. Man skulle på så sätt kunna se 
materialet mellan fibrerna som ett par solglasögon till detektorn, som ju är våra ögon. Vilket material 
som skulle kunna vara lämpligt för dessa mätningar undersöks, dels teoretiskt med hjälp av ett 
datorprogram, men också genom att experimentellt testa fyra olika material som kan tänkas vara 
passande. Idag används vanligt skrivpapper som gjorts svart som materialet mellan fibrerna, och det 
visade sig att detta papper fungerar bra för dessa mätningar.  
Ett andra syfte var att undersöka en sorts plast som går under namnet Spectralon®.  Spectralon® är det 
material vi känner till som sprider ljus i flest riktningar, det vill säga, när man lyser med ljus på 
Spectralon® sprids ljuset i alla riktningar runt omkring. Både absorptions- och spridningsegenskaperna 
för Spectralon® bestämdes.  
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CHAPTER 1 
INTRODUCTION 
 
 
In this introductory chapter some basic atomic theory and concepts will first be 
presented. In addition, some of the fundamentals of biomedical optics will be 
brought up to introduce the reader to the subject of this thesis project. The second 
chapter is the theoretical chapter on which this thesis is based. The theory chapter 
has its origin in the knowledge that I prior to this thesis project did not have, and that 
I had to study to understand the content. In the third chapter the experimental part 
of the thesis project is explained. Some sections in this chapter contain more theory 
than others; this also has its basis on my prior knowledge. In chapter four the results 
of the experiments are presented. The results are then further discussed in the final, 
fifth chapter. 
Whenever working with light, the duality of the nature of light arises naturally. 
Whether light is propagating as waves or massless energy quanta, photons, have 
puzzled scientists through the years and continues to do so. The French 
mathematician Descartes, supported by Newton, was the first to consider light as a 
stream of particles, while his student, Huygens, proposed that light was a 
longitudinal pulse, causing debate in the 17th century.  In 1802 the famous double-slit 
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experiment was executed by Thomas Young, providing a clear evidence for the wave 
nature of light. Soon it was also established that Maxwell’s equations for 
electromagnetic waves were satisfied for light. Not until 1905 the particle nature of 
light would be brought up again when Einstein introduced the photon in his three 
consecutive papers on the photoelectric effect published in Annalen der Physik. In yet 
another paper by Einstein in 1909, it was proved that the full spectrum for cavity 
radiation, yielded by Planck’s law, requires both the particle and the wave theories of 
light [1]. 
In this thesis project, light propagation will sometimes be considered as waves, and 
sometimes as photons. Whatever the nature of light really is, one can cite Heisenberg 
stating: 
“Light and matter are both single entities, and the apparent duality arises in 
the limitations of our language.” 
 
1.1 Light interaction with matter 
Light interacting with bulk matter shows three different behaviors; absorption, 
transmission or scattering. A brief and simple explanation will be given below to 
introduce the reader to these phenomena.   
Atomic charge vibrate at all temperatures above absolute zero. At a certain 
temperature atoms have a given natural frequency at which they tend to vibrate. A 
photon impinging an atom at that same natural frequency or energy, E=hf, will be 
absorbed and transformed into vibrational energy. Neighboring atoms will be 
affected by the process in such a way that the vibrational energy will be transformed 
into thermal energy. Subsequently, the photon energy is absorbed never again to be 
released in the form of light. Given that different atoms and molecules have different 
natural frequencies of vibration, the light quantum is selectively absorbed.  
Transmission, and also reflection at a surface, occur because the photon energy does 
not correspond to the natural frequency of atomic vibration. An impinging photon 
simply makes charge vibrate with diminutive amplitudes for a short period of time; 
the energy quantum is then reemitted in the form of one or several photons. If the 
medium appears transparent, the electronic vibrations are passed on into the 
medium through the bulk of the material, and the photons are reemitted on the 
opposite side from the impinging ones, which means that they have been 
transmitted. Should the medium however be opaque, the electronic vibrations will 
not be passed on through the bulk of the medium, but rather, after vibrating for a 
short period of time, be reemitted from the surface. This is the meaning of reflection.  
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Since scattering is the dominant process of light propagation in turbid media, and 
therefore a very important feature of this thesis, it will be more thoroughly explained 
in section 1.1.1 below.  
 
1.1.1 Light Scattering 
Light scattering is responsible for our visual perception of phenomena such as the 
blue colour of the sky, the many colors of the rainbow, the white snow etc [2]. Mainly 
there are two types of scattering; elastic scattering and inelastic scattering. Elastic 
scattering is characterized by that the kinetic energy of the photon is conserved and 
only the direction of propagation is altered, while in inelastic scattering the kinetic 
energy of the photon is not conserved, thus, the wavelength of the photon is 
changed. Both elastic and inelastic scattering can be further subdivided, and we will 
have a short look at some examples from both groups. 
The cross section for inelastic scattering is very much smaller than for the elastic 
scattering [3]. Inelastic scattering, or Raman scattering, got its name from the Indian 
scientist Sir C.V Raman, who was awarded with the Nobel Prize in 1930 for his 
discoveries. In addition, apart from being less usual than elastic scattering, the 
Raman Effect only occurs when the polarizability of the molecule is changed [4]. 
Some molecules do not have a pure rotational or vibrational spectrum. These 
molecules are either homonuclear diatomic molecules or, in some cases, polyatomic 
molecules. The reason for the lack of these spectra is that they have no permanent 
dipole moment. However, the structure of such molecules can be investigated, 
except in their electronic spectra, by Raman spectroscopy [3].  
Rayleigh scattering is elastic; nonetheless, Rayleigh and Raman scattering are closely 
related and occur when irradiated light is not of a resonant frequency [3, 4]. A certain 
fraction of this non- resonant light will be scattered elastically, that is, Rayleigh 
scattered [3]. Rayleigh scattering got its name after the British physicist Lord 
Rayleigh, who was the first to describe light scattering in 1871. He also showed the 
     dependences of the scattering cross section, and could thereby explain the blue 
colour of the sky [2]. Scattering cross section is also dependent of the polarizability of 
the molecule [3, 4]. Rayleigh scattering cross section is proportional to        [3].  
 
To obtain information about the energy levels of the molecule, the following relation 
between the incident frequency, , and the scattered frequency,  , is used  
 
                                                                   (1.1) 
 
When      we have a red shift, or Stokes scattering, and the opposite case, 
    , is known as blue shift or Antistokes scattering [3]. If      we have 
Rayleigh scattering. 
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Figure 1.1 below gives us a quantum mechanical explanation of Rayleigh and Raman 
scattering. 
 
 
 
 
 
 
 
Figure 1.1.Photon transitions to virtual levels 
(dashed lines) explain scattering quantum 
mechanically [3]. From left to right we have 
Rayleigh scattering (no change in energy), 
Stokes scattering and Antistokes scattering. 
 
When a non-resonance photon is absorbed by a molecule, the molecule will be 
excited to a virtual level a distance    from a real level. According to the Heisenberg 
uncertainty principle,       , the virtual level is allowed for a vanishingly small 
time,   . Consequently, the molecule will instantly decay by emission of a photon, 
either to its original state (Rayleigh scattering) or to a different state (Raman 
scattering). If the final state is above the initial state it is a Stokes line, and for the 
opposite case an Antistokes line. Since the initial state for the Stokes line is an excited 
state, the Stokes line is generally stronger than the Antistokes line [3]. The Stokes 
line, also called red-shifted, is what we know as fluorescent light.  
 
Another type of elastic scattering, which is highly relevant in this thesis, is Mie 
scattering. In 1908 the German physicist Gustav Mie examined a type of scattering 
for spherical particles, which later would be given the name Mie scattering. Mie 
scattering occurs when the particle size is significantly larger than the wavelength of 
the light scattered off it [4]. However, Mie scattering is not only dependent on the 
particle size, but also the shape and the refractive index. In light interaction with 
biological tissue, Mie theory on spherical particles is frequently used [5], since whole 
cells and many organelles are not only approximately spherical, but also considerably 
larger that the wavelength of the light used to look at them.  
 
 
 
1.2 Fundamental Concepts of Biomedical Optics 
Biological tissue is turbid, meaning that it is highly scattering in the visible range 
(about 390-750 nm). While the scattering is high, absorption is low between 400-
1350 nm. Cells build up tissues, and in higher organisms, tissues form organs. The 
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main content of tissue is water; however, the content rate varies both between 
different species and the tissue type.  As an example, in skin tissue there are four 
main absorbers, listed below. However, apart from melanin, these absorbers are also 
common in other tissues.  
 Water is transparent, meaning that it has insignificant absorption in the 
visible wavelength range. In the infrared wavelength range (some 700-3000 
nm) however, the water absorption is no longer negligible.  
 The red color of blood is due to the oxygen-carrying cells oxyhemoglobin and 
the non-oxygen-carrying hemoglobin.   
 Melanin is a pigment found in the human skin protecting us from UV-
radiation. UV-light makes the rate of melanin in the skin raise, making the 
skin look tanned [6].  
 All tissues contain fat, since it is an important content in cell membranes. In 
human skin, a layer of subcutaneous fat is found. The brain is the organ in 
human that contains the most fat [6].  
Below in Fig. 1.2 the absorption-wavelength dependence of some of the above listed 
absorbers is depicted. The “therapeutic and diagnostic window”, marked in green, is 
the wavelength range in which it is possible to work with optical methods for 
detection/ diagnosing and treatment. In the figure we can see that this area is to be 
found where the absorption for the different absorbers is the least.  
 
 
 
 
 
 
 
 
Figure 1.2. Absorption as a function of wavelengths for some common absorbers found in tissue. [7] 
Consequently, near-infrared (NIR) light is commonly used in biomedical optics. The 
reason for this is obviously that, due to the low absorption, it has the largest 
penetration depth in the visible range of wavelengths. The greatest advantage of 
using light in the visible range for biomedical imaging is that it is not ionizing. X-rays 
for instance, that are ionizing, are used in mammography etc., meaning that there is 
a probability that cancer will be induced in some of the cases. Wang and Wu [8] list 
some important reasons for the use of optical imaging: 
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1. Photons in the visible range (optical) are non-ionizing, and therefore safe radiation 
for medical applications. 
2.  Optical photons undergo Raman scattering, fluorescence or absorption that can 
be recorded in spectra. The behavior of the photons provides information of the 
biochemical structure, given that spectra are directly related to molecular 
conformation. 
3. Optical absorption spectra give information on cancer tumors. 
4. Optical scattering spectra give information on size distribution of scatterers. 
5. Optical polarization gives information on structurally anisotropic constituents.  
6. Optical frequency shifts, caused by the optical Doppler Effect, gives information on 
blood flow. 
etc.  
The optics of other biological or organic media, i.e. pharmaceuticals and many 
polymers, is similar to that of tissue. Pharmaceuticals contain an active ingredient 
that is biologically active, such as proteins etc, i.e. most pharmaceutical tablets and 
powders are turbid. With NIR investigation of pharmaceutical tablets one can gain 
information on the inner structure, and thereby quality, of the tablets. The advantage 
in comparison to chemical analysis lies in that the tables do not have to be 
decomposed before analyzed.  
In biomedical optics there are some fundamental equations for description of the 
media under investigation. The scattering coefficient tells us how scattering the 
material is per unit length, and the absorption coefficient, as we saw in Fig. 1.2, tells 
us how absorbing the material is per unit length. The total attenuation coefficient per 
length unit is the total of the absorption and scattering coefficients [8, 9] 
                                                                  (1.2) 
When a photon is scattered, it is scattered with an angle   from its original position. 
The mean cosine of this scattering angle is the so called anisotropy value, or g-factor, 
defined as [9]  
                                
 
 
                         (1.3) 
The g-factor can vary in the range from -1 to 1, being a function of cosine. g=-1 
corresponds to total backward scattering and g=0 to isotropic scattering, e.g. 
Rayleigh scattering. For g=1 we have total forward scattering, that is, Mie scattering 
in the case of a particle large in comparison to the wavelength [9].  
To couple the scattering coefficient to the anisotropy, we define the reduced 
scattering coefficient [ 8, 9] 
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                                             (1.4) 
Just as in equation 1.2, one can add the reduced scattering and absorption 
coefficients to obtain the reduced attenuation coefficient. The mean free path length 
is the distance a photon propagates in the medium before being absorbed, defined 
as [8, 9] 
    
 
   
                                              (1.5) 
Further properties of biomedical optics will be discussed in the theoretical 
background, chapter 3, in proximity to their use.  
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CHAPTER 2 
THEORETICAL BACKGROUND 
 
 
In the theory part some of the necessary knowledge before executing laboratory 
work will be elaborated. This is to introduce the reader to what can be achieved, and 
how, by the usage of different techniques in the experimental part.  
2.1 Radiation Transfer Theory 
NIR radiation propagating in a turbid medium is subjected to multiple and anisotropic 
scattering characterized by single photon scattering due to encounter with atoms 
and molecules in the media [8]. One approach that models light propagation in turbid 
media is the Radiative Transport Equation (RTE), also recognized as the Boltzmann 
equation [5]. To gain an understanding of the contents of the RTE, it will be derived 
in coming section.  
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2.1.1 Derivation of the Radiative Transport Equation 
We begin by defining the spectral radiance          with unit         , where   is 
the position,   is the unit vector and t is time. The photon distribution is denoted 
as        , and the unit is         . If we multiply N with the photon energy and 
the speed of the light in the medium, we obtain the radiance. 
                                     (2.1) 
By integrating over the full    solid angle (Appendix A) we obtain the radiant energy 
fluence rate,            : 
                                              (2.2) 
Now, consider a small volume dV penetrated by a photon with direction   .          is 
the probability function for a scattering event to happen from direction   to 
direction   , normalized so that                  
Let us look at the different contributions to the transport equation: 
1. Consider the change of the photon distribution in a volume V during some 
period of time 
 
          
   
                                                             (2.3) 
 
2. Some photons will be lost through boundary surfaces 
                                                         (2.4) 
 
3. Other photons will be lost due to absorption 
                                                                   (2.5) 
 
4. Furthermore photons will be lost due to scattering out from the detection 
area 
                                                                     (2.6) 
 
However, photons can also be gained: 
5. Photons scattering from any direction    to the direction    
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                                             (2.7) 
 
6. A possible light source 
                                                                     (2.8) 
Again we look at equation (2.3), which now equals to all the contributions (2.4)-(2.8): 
 
         
   
       
 
                   
 
             
                   
 
                
   
               
               (2.9) 
If we now look at the radiance         instead, we can deduce  
 
 
         
  
                            
                       
                                      (2.10) 
The transport equation can be solved both numerically and analytically. Two 
approaches are commonly used; the diffusion approximation and the Monte Carlo 
method. [8, 9] 
 
2.2. The Diffusion Approximation Method 
As mentioned above, one way to solve the transport equation analytically is by using 
an expansion method, the so called diffusion approximation. Below the diffusion 
equation will be derived using the spherical harmonics approach.  
For the radiance,         , expansion with well-known functions can with asset be 
executed 
                                                (2.11) 
Similarly, using first order spherical harmonics to expand          yields 
             
        
 
        
                                       (2.12) 
Here we say that the radiance is approximately isotropic. Using only the first order of 
spherical harmonics is the first approximation that we make in the derivation of the 
diffusion equation. 
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We will now try to find   
       and   
    . 
Consider the relation where the direction eigenket       is defined 
             
         
                    (2.13) 
The relation (2.13) means that   
 is the amplitude for some state characterized by 
l,m and is found in the direction   given by  and  . Now, if we take the eigenvalue 
equation (note that here    is the angular momentum operator) 
                         (2.14) 
multiply with       and insert a commonly known result from wave mechanics, 
             
 
  
      , we obtain 
   
 
  
                                                         (2.15) 
Peeking back at equation (2.13), we see that equation (2.15) can be rewritten as 
   
 
  
  
           
                                          (2.16) 
Because of the angular dependence of spherical symmetry we know that the 
orthogonality relation is 
                                       (2.17) 
Using the completeness for the direction eigenkets,       
             yields 
           
  
 
  
 
 
       
                            (2.18) 
Now we focus our interest on the function   
        which is defined as 
  
             
      
  
      
      
      
                             (2.19) 
  
  can be expressed using Rodrigues’ formula for a Legendre polynomial  
  
     
     
    
          
 
  
 
   
            (2.20) 
Inserting              as the variable in equation (2.20) implicates that   ,   
is a positive integer or zero and    
  
         
     
    
        
 
  
 
        
 
   
          
 
     
    
    
           
                                               (2.21) 
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Now we can solve for all harmonics   
 . 
Looking back at equation (2.12), we have found that the expansion gives 
          
 
  
  
        
      
 
  
   
  
           
                        (2.22) 
[9] 
Now we look all the way back to the transport equation for fluence, equation 2.2, 
and combine it with equation (2.22). Divided by the total    solid angle we obtain (a 
complete derivation of the expression can be found in [8]) 
  
        
     
       
  
                                                      (2.23) 
We define 
                                                                   (2.24) 
Equation (2.12) multiplied with   and substitution into equation (2.24) yields 
           
  
 
   
        
              (2.25) 
  
   
        
     
 
  
                (2.26)  
From vector analysis we know that                           where   is the angle 
between          and   . This is why the isotropic term of equation (2.26) is 
proportional to the projection of           on   . 
By inserting equations (2.2) and (2.26) into equation (2.12), we obtain 
         
 
  
       
 
  
                                              (2.27) 
The diffusion expansion of           equation (2.27), can be inserted into the 
transport equation (equation 2.10) and integrated over the full    solid angle. The 
derivation will not be done here, but can be found in Wang and Wu [8]. 
        
   
                                                          (2.28) 
From equation (2.28) we want to obtain a single differential equation without the 
        term. We make our second assumption: 
 
   
 
  
 
          
  
         
  
                                              (2.29) 
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Thus, the first term in equation (2.29) is the time it takes for the photons to pass 
through      The second term is the fractional change of current density per unit time. 
The assumption is valid as long as this fractional change is small within the mean free 
path. 
Using equation (1.2), equation (2.29) can be rewritten as 
 
         
   
       
 
    
                                             (2.30) 
If equation (2.30) is fulfilled, time-dependence can be disregarded, yielding 
                                                                (2.31) 
which is the so called Fick’s law. The diffusion current density is always along the 
negative gradient, which is why the right-hand side of the equation is negative. D is 
the diffusion coefficient  
  
 
         
                                                     (2.32) 
Inserting equation (2.31) into equation (2.27) gives 
         
 
 
       
 
 
                                         (2.33) 
Finally, we reach the expression for the diffusion equation by substituting equation 
(2.31) into equation (2.28) 
        
   
                                                     (2.34) 
In the case when the diffusion coefficient is invariant in space, there is a simplified 
version of the diffusion equation 
        
   
            
                                          (2.35) 
In summation we have done two approximations to obtain the diffusion equation; 
firstly, the expansion of the radiance was limited to the first order of spherical 
harmonics, and secondly, the fractional change in current density in each mean free 
path is much less than unity, e.g. the radiance is nearly isotropic. Clearly, these 
assumptions also limit the diffusion model; it is no longer valid when scattering in the 
medium is much greater than the absorption [8]. However, when the diffusion model 
no longer can be used, one can always turn to the Monte Carlo model.  
 
2.3 The Monte Carlo Method 
The enablement of performing computer simulations has become an ever-present 
and invaluable tool in the investigation of complex many-body systems, such as 
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radiative transport etc [11, 2]. The general idea of the method is that, with the help 
of a computer, it is possible to follow the explicit trajectory of systems involving up to 
104 degrees of freedom [11].   
The name of the methodology comes from the European city with the same name, 
where throwing the dice might be considered a popular game, referring to the 
operation of sequences of random variables from well-defined probability 
distributions of the method [11, 12, 13]. The technique was first proposed by 
Metropolis and Ulan to through a stochastic model simulate physical processes [14].  
The significance of this methodology is that exact solutions for the Hamiltonian under 
inquiry are provided. As a result, these simulations offer indispensable standards for 
approximate management of non-trivial systems composed of interacting particles 
[11]. The method is reasonably straightforward, can handle arbitrary geometries and 
simultaneously attain multiple physical quantities [12, 13]. In biomedical optics the 
approach has become “gold standard” in modeling light propagation [2, 12].  
However, there are important limitations of the methods. Computers have a finite 
capacity in both memory and time, which imposes that only a finite number of 
particles following trajectories of finite length may be considered [11, 13]. The 
former restriction restrains the study of longer length scale fluctuations and makes it 
less appropriate for inverse problems, while the latter restriction limits the quality of 
statistics of the outcome [11, 12, 13].  
In a radiative transport problem, such as described by the transport equation (2.10), 
the method consists of recording photon packet histories as they are scattered and 
absorbed throughout the medium [14].  
Fig. 2.1 below shows the principal for the Monte Carlo method. 
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Figure 2.1. Flowchart for the general Monte Carlo method [14].  
In biomedical optics turbid media are investigated, and consequently have to be 
treated thereafter in Monte Carlo simulations. How this is done will be described 
below. 
Once the photon has been initiated, it moves a distance   , a fixed stepsize, in which 
it may be absorbed, scattered, propagated undisturbed, internally reflected or 
transmitted out of the tissue. In either case, the photon movement is recorded. This 
process is repeated until the desired number of photons has been propagated [14].  
The simulation of the photon direction can be chosen in two different ways, 
depending on the incoming light. If a collimated beam is normally incident on a slab, 
the initial direction would be simulated downwards into the tissue. Should we deal 
with a diffuse irradiation, the photon’s initial propagation path is randomly chosen 
from all possible directions. To approve the efficiency of a Monte Carlo program, a 
packet of photons is normally propagated along each pathway. The size of such 
packet is called the photon weight (w), and this technique is known as implicit 
capture [14]. The photon weight has an initial value of one, and decreases as the 
photon propagates through the tissue. After n steps the value will be equal to   , 
where 
  
  
     
                                                                   (2.36) 
The variable   is called the albedo [13].  
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The mean free path length is defined as the reciprocal of the total attenuation 
coefficient,   , as we saw in the introductory chapter. The stepsize has to be small in 
comparison to the average mean free path length 
   
 
  
 
 
     
                                                          (2.37) 
The stepsize has to be chosen carefully. Should the stepsize be too small, the photon 
would seldom interact with the tissue, meaning that the Monte Carlo method would 
be inefficient. Should, however, the stepsize be too large, it would make a poor 
approximation of the path of a real photon [14].   
Another much more efficient method when it comes to stepsizes is one that chooses 
different stepsizes for every photon step.  The probability density function for the 
stepsize obeys the Beer-Lambert law. By defining a function of a random variable, 
   , uniformly distributed between the values zero and one, we obtain 
               
    
  
                                            (2.38) 
The above found stepsize corresponds to the distance that a photon will travel 
before somehow interacting with the tissue [14].  
Now we look at how the photon’s spatial position can be described using different 
coordinate systems. Prahl et al. [14] suggest the usage of three Cartesian coordinates 
to describe the spatial position and a treatment of the direction of the trajectory by 
three direction cosines. Hence, for a photon at the position         travelling a 
distance    in the direction           , the new coordinates   
         would be 
 
         
         
         
                                                      (2.39) 
When a photon is propagated across a boundary, from a region with one refractive 
index into another region with a different refractive index, the possibility of internal 
reflection occurs. This probability is determined by the Fresnel reflection coefficient, 
      
      
 
 
 
           
           
 
           
           
                                    (2.40) 
where       
     is the angle of incidence on the boundary and   , the angle of 
transmission, is obtained from Snell’s law 
                                                                       (2.41) 
To determine whether a photon is internally reflected or still propagating through 
the tissue, we introduce a random number ξ uniformly distributed between zero and 
one, such that if         the photon is internally reflected. The new position 
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              for the internally reflected photon in a slab geometry with a thickness t 
in the z-direction and infinite in the x,y- directions is given by 
               
                      
                              
                    (2.42) 
Naturally, the new photon direction       
 
   
 
   is 
      
 
   
 
                                                    (2.43) 
After every propagation step in the technique of implicit capture, the photon packet 
is split into two parts, of which a fraction is scattered and the rest is absorbed. The 
fraction that is absorbed is determined by 
                 
  
     
   
  
     
                             (2.44) 
The fraction of the packet that is scattered is hence given by the new photon weight, 
      [14]. 
Without a technique called roulette the photons would scatter around in the tissue 
forever, hence the technique is used to terminate the photon if its weight drops 
below some threshold value [14].   
A normalized phase function describes the probability distribution of a random 
variable   in the interval (a,b) 
         
 
 
                                                         (2.45) 
The variable   may represent the variable stepsize a photon will take on photon-
tissue interaction sites, or the deflection angle that a scattered photon may 
experience due to a scattering event. To simulate propagation, we need to find a 
value for   repeatedly and randomly with its origin in a pseudo-random number 
generator. Using the computer we obtain a random variable ξ, uniformly distributed 
over the interval [0, 1]. A distribution function for the variable can now be defined 
       
                   
            
                  
                                                (2.46) 
To be able to find the azimuthal angle, we first need to consider whether the 
distribution is isotropic or anisotropic. As mentioned in the introductory chapter, the 
anisotropy, g, is defined as the average of the cosine value of the deflection angle, 
       . For isotropic scattering we have  
                                                                  (2.47) 
and for anisotropic distribution  
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                                       (2.48) 
[13, 14] 
Depending on the distance to the normal [14], the direction            in which a 
photon is travelling after a scattering event                at an angle       can be 
calculated 
    
     
      
                               
    
     
      
                               
                                                      (2.49) 
The fluence rate for any arbitrary irradiation profile can be yielded by a convolution 
of the Green’s function,         , and the irradiation source function,        
                                        
 
  
 
  
            (2.50) 
where          is the fluence rate at          [14] 
Should we however have a cylindrical symmetric irradiation source     , the Green’s 
function would be      and the fluence rate 
                                    
  
 
         
 
 
          (2.51) 
where the fluence rate also is cylindrically symmetric depending only of the radius r 
and the depth z. Should the source function be Gaussian, the calculation of the 
fluency rate only requires one numerical integration, which is significantly more rapid 
than the numerical integration of the two dimensional equation (2.50) [14].  
2.3.1 MCML 
The type of Monte Carlo simulation that will be used in this thesis is the so called 
MCML, which stands for Monte Carlo simulations for Multi-Layered tissues. The 
program was first launched in 1995, in an article by Wang, Jacques and Zheng [15]. 
Despite of the fact that the program is coming to age, it is still frequently used as a 
base when developing new Monte Carlo programs, and remains standard in 
biomedical optics [12].  
In the program there are some important constants, such as WEIGHT -the threshold 
weight         , CHANCE -the chance of surviving a roulette (0.1). Below the value 
of WEIGHT, the photon packet will go through a roulette where it, according to the 
value of CHANCE,has a possibility to survive. COSZERO -cosine of approximately 0 
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         -is used for the computation of reflection with Fresnel’s formula (see 
equation 2.40 above), and COS90D-cosine of approximately 90°        -is used 
for the computation of new photon directional cosines. When        COSZERO, α 
is considered very close to 0 or 180°. When        COS90D, α is considered very 
close to 90°. The coordinate system used is the Cartesian one, just as for regular 
Monte Carlo simulations [13]. More constants are listed in the manual by Wang and 
Jacques [13].   
Some parameters describing the tissue layer have to be specified as arguments in the 
input data file, such as the coordinates of the top and bottom boundaries, z0 and 
z1        respectively, the stepsize s [cm], the refractive indices n of the 
different layers, absorption coefficient mua       , scattering coefficient mus 
       and anisotropy factor g. 
After running the simulation, the result is written to an output data file with name as 
specified in the input data file. 
A map of the flow of the MCML program, similar to the one of the Monte Carlo 
simulation 2.1, is represented below in 2.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Flowchart for MCML [13].  
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Early photon (snake photon) 
Late photon  
Incident photons 
2.4 Photon Time of Flight Spectroscopy – TOFS 
Theories of radiative transfer were developed as early as in the beginning of the 20th 
century based on phenomenological observations. In 1962, Twersky developed the 
theory of multiple scattering, which later, in 1977, was further developed by Ishimaru 
to include time-resolved pulse propagation for characterization of turbid materials 
[2, 16, 17].  
Photon Time-of-Flight Spectroscopy (TOFS) is today widely used for measurements of 
biological properties. However, the method is not only used for quantitative 
absorption spectroscopy, but also for quantitative scattering measurement, which 
makes it an invaluable method in determining structural properties in highly 
scattering materials [2, 18]. Thus, TOFS allows measurements of the individual effects 
of both absorption and scattering, and the scattering records supply structural 
information of the sample under investigation [2].  
When light that has travelled through some medium reaches the detector, the 
photons have taken different paths and will then naturally arrive at different times. 
The basic principle for this can be found in Fig. 2.3. 
 
 
 
 
 
 
 
Figure 2.3. An example of two 
photons traveling through some slab. 
The late photon undergoes many 
more scattering events which delays it 
compared to the snake photon. 
A photon travelling through the medium without many scattering events, will arrive 
first at the detector, and is called a snake photon. Other photons will go through 
multiple scattering before arriving at the detector, which why they are called late 
photons. This is the meaning of the different time-of-flights (TOF) for the photons. A 
TOF spectrum shows the different times it took for the individual photons to 
propagate through the medium.  
Light travels at a speed of approximately      m/s in air, but still, time resolutions 
on the order of 1ps are easily obtained, and have been for many years now. 
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Resolutions better than 30μm have been obtained in the optical TOF regime and such 
resolutions are much more than necessary in macroscopic pharmaceutical and 
biomedical applications [2].  
Photon propagation through a 3mm pharmaceutical tablet acquiesce an average 
photon path length of over 100mm. Also pharmaceutical powders and most 
biological tissue exhibit path lengths in this range due to multiple scattering  [2].  
TOFS requires some special equipment, such as optical fibers, which will be described 
under Experimental Methodology, chapter 3. 
 
2.5 IRF Measurements 
IRF is an acronym for Impulse Response Function, and tests the response of the 
system of interest. The output signal is measured after a short impulse has been sent 
from the source, i.e. the impulse response describes the reaction of the system as a 
function of time. If the output pulse is short enough in comparison to the impulse, 
the results of the system will be close to the theoretical impulse response. By 
measuring IRF, signal distortion and interference can be filtered from the results 
given by the system.  
IRF should be measured as soon as possible after every measurement, that is, before 
changing samples etc., e.g. before the system is tampered with in any way. Since IRF 
measurements are of frequent use and of such importance for the outcome of the 
results, it is highly significant that is functions well.  
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CHAPTER 3 
EXPERIMENTAL METHODOLOGY  
 
 
3.1 Introduction 
The experimental part consists of two parts; measurements on Spectralon and IRF 
measurement improvement. The instrumentation for both measurements is the 
same; however, the methods differ greatly from each other. The aim of the both 
measurements will first be discussed in sections 3.2 and 3.3. In section 3.4 the 
experimental setup and its components will be accounted for, before some brief 
information on the computational part will be given in section 3.5. Section 3.6 will be 
about the practical execution of the experiments. 
 
3.2 Spectralon® Measurements 
The idea of the measurements Spectralon® is to obtain optical information on the 
material, such as scattering coefficient, anisotropy factor etc. In the following 
section, a brief explanation of Spectralon® is found. The practical performance will be 
found in section 3.6.1. 
 
________________________________________________________________________________________ 
________________________________________________________________________________________ 
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3.2.1 Spectralon®  
Spectralon® reflectance material is made by Labsphere, New Hampshire, USA [19]. 
The material is a thermoplastic resin, the resin being synthetic, made of polymeric 
material (plastic). The molecular structure is porous, which causes both reflectance 
and transmittance of light, but not absorption.  
Spectralon® has the highest diffuse reflectance of all known materials, e.g. it scatters 
light at all angles into the surrounding hemisphere. In the spectral range from 400-
1500 nm, the reflectance is generally over 99%. The material is also highly 
Lambertian in this spectral range [20], that is, the luminance is isotropic in this 
spectral range and the intensity follows the Lambert's emission law. What is more, 
the spectral distribution of the material is relatively flat [20]. A full description of the 
material properties can be found in the manufactory’s website [20].  
 
3.3 IRF Measurement Improvement 
The idea of this part of the thesis is first to decide the desirable parameters for a 
material to use for IRF and then try to find a material with these properties.  A 
theoretical discussion will follow here on some of the important background 
knowledge. The practical performance will be found in section 3.6.2. 
IRF measurements are made before each measurement when a new sample or a new 
wavelength is applied. Today, when measuring IRF for the time-of-flight 
absorption/scattering spectrometer of the Biophotonics Group, black-printed paper 
is used. However, this might not be the optimal medium, since paper is fibrous and 
thus not uniform. This can lead to that the IRF measurements do not give the same 
result every time. By using a time-resolved template (see section 3.3), parameters for 
an optimal medium to use in IRF measurements can be investigated. The principle of 
the IRF is depicted in Fig. 3.1 below. 
 
Figure 3.1. Schematic principle of IRF. The yellow arrow corresponds to the source fiber. The detection 
fiber corresponds to the cone on the other side of the turbid medium. 
Incident photon packet 
  Turbid medium 
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After light has been transmitted through the turbid slab it will be distributed 
depending on the scattering coefficient. An arbitrarily high scattering coefficient will 
lead to an even distribution around the center of the direction of the incident light.  
Since an optical fiber with a certain numerical aperture is placed on the opposite side 
of the incoming photons, it is desirable to decrease the angle of the transmitted light 
so that as much light as possible will fit into the fiber. This angle can be calculated 
theoretically by using solid angles (Appendix A). However, when the numerical 
aperture of the detection fiber is known, the angle can be calculated using Snell’s law 
(equation 2.41). 
Another desirable property for the medium is that the pulse width is not too 
broadened compared to the impulse. 
 
3.4 Instrumentation 
The experimental setup is depicted in Fig. 3.2 below.  
 
Figure 3.2.Scheme of the experimental setup [21]. 
Each of the components in the setup will now separately be described. 
3.4.1 Light Source 
The light source used is a pulsed 
supercontinuum laser, Fianium SC-500-6, 
which can produce wavelengths in the 
range of 500-1850 nm. The master source 
is a fiber laser doped with    functioning 
at 1066 nm. The master source is followed 
by an amplifier, before reaching the 
Power 
supply 
Light 
Source 
AOTF  
TCSPC 
PC 
Detector 
Sample 
Cooling 
System 
Filter 
Shutter 
SYNC 
Amplifier 
Figure 3.3. The light source. 
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continuum generator. The generator consists of a non-linear fiber and a photonic 
crystal fiber, PCF, which generates a supercontinuum by broadening the pulse 
through 4-wave mixing and Raman scattering. The pulse then continues through a 
collimator before exiting the source [2, 21].  
3.4.2 Optical Fibers 
The most commonly known usage of optical fibers is probably within the field of 
telecommunication. However, fibers are also frequently used in other applications. 
Optical fibers are employed to transport photons from a light source, and are made 
of glass or plastic. The need of fibers to transmit light can be traced to the invention 
of the laser in the early 1960’s. A coherent light source had been developed for the 
first time, and researchers were encouraged to see the optical wavelength spectrum 
as an extension of the radio and microwave spectrum. This in general changed the 
investigations of optical components dramatically [22].  
Before the 1970’s, the loss of photons in a fiber due to scattering and attenuation 
severely limited the utilization, especially in long-distance using. A higher throughput 
had been theoretically developed already in 1966 by Charles K. Kao and George A. 
Hockham, who proposed the usage of glass in the fibers [23]. However, in practice, 
reduction to reasonable loss would take a few years longer. The first optical cables 
were employed in the US military in 1973 [24].  
There are several methods to manufacture optical fibers [24]. To produce a 
composite structure, the fiber must consist of a core surrounded by a cladding 
material with a lower refractive index, followed by a coating of higher refractive 
index [22, 24].  The core is the center of the fiber, and is made of an optically 
transparent material [24]. The surrounding cladding facilitates the constraining of 
electromagnetic energy, i.e. the light, to the core region by total inner reflection at 
the core-cladding interface. Some penetration into the cladding can however not be 
entirely excluded. Nevertheless, if the cladding is made sufficiently thick, the 
electromagnetic field of the guiding fiber is negligible at the outer surface of the 
cladding, and the propagation is thereby, generally speaking, unaffected by the 
surrounding material. Typical thickness of cladding is 20-50 µm and the core 
diameters range from 3-80 µm [22].  
In an optical fiber, the light waves which can propagate are called modes or 
eigenwaves. Using Maxwell´s equations, these eigenwaves can be determined 
mathematically [24]. There are two types of fibers; single mode fibers, which only 
allow one mode, and multimode fibers, which allow several modes. Their rough 
structure is depicted in Fig. 3.4 below. 
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Figure 3.4.Schematic picture of the cross-section of a multimode fiber (left) and a  
single-mode fiber (left). The coating is red, the cladding green and the core is yellow.  
To understand the difference between a single mode fiber and a multimode fiber we 
first consider the refractive index n as a function of the radius r 
                                  (3.1) 
This is the refractive index profile describing the radial change in refractive index as 
going outwards from the axis in the core of the fiber towards the cladding. The shape 
of this refractive index profile decides the propagation of the modes in the fiber. The 
following profile curves are power law functions of the radius: 
             
 
 
 
 
      for     (in the core)      (3.2) 
and 
                         for       (in the cladding)         (3.3) 
where    is the refractive index along the axis of the fiber,    is the refractive index 
of the cladding,   is the distance from the axis of the fiber (in   ),   is the core 
radius (in   ),   is the profile exponent, and   is the normalized refraction index 
difference,  
  
     
   
   
  
    
 
   
            (3.4) 
where NA stands for the numerical aperture.  
To understand the relations between the numerical aperture, the refractive indices 
and the maximum incident angle it is convenient to look at the cross section of a 
fiber, see Fig. 3.5.  
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Figure 3.5. Cross section of an optical fiber. An incident beam coming from air (n=1) changes its direction 
of propagation due to the change in refractive index (n1). 
From Snell´s law (equation 2.41), with the notation of Fig. 3.5 above, we know that 
                                     (3.5) 
                                               (3.6) 
where    is the critical angle for total inner reflection, e.g.  
      
   
  
  
                     (3.7) 
From equation 3.5 (Snell’s law) and 3.6 we obtain 
 
  
                          (3.8) 
Squaring both sides yield 
  
  
    
         
         
      
  
  
                
    
       (3.9) 
In equation (3.2) above, a factor, g, was presented. Different values of g gives 
different beam profiles, and for 
    we have a triangular profile 
    gives a parabolic profile, and 
    yields a step profile 
The numbers of modes allowed in a fiber can be calculated by 
  
  
 
                          (3.10) 
where   is the normalized frequency or the so called V number. V is calculated 
according to 
  
 
 
                                                             (3.11) 
If we in a fiber have a step index profile (   ) and the V number becomes smaller 
than the constant          , only one single , fundamental eigenwave can 
propagate in the core. Such a fiber is called a single mode fiber [24].  
   
             
 
   
 
n 
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In the case of TOFS, step index (single mode) fibers cannot be used due to eigenwave 
dispersion [2]. Instead so called graded index (GRIN) fibers, made of silica, are used. 
In this experimental setup they have a diameter of       , are called G600/840N 
and are made by A.R.T. Photonics [25]. The NA of the fiber is approximately 0.3, 
yielding a      of 17.46° using n=1.   
3.4.3 Acousto-Optic Tunable Filter (AOTF) 
The principle of the Acousto-Optic Tunable Filter (AOTF) is based on acousto-optic 
interaction, e.g. diffraction, of light by acoustic waves. The interaction is a general 
effect of photoelasticity consistent of a change of the medium permittivity under the 
constraint of a mechanical stress. This effect is described as vibrational fluctuations 
of the optical indicatrix coefficients caused by the stress [26]. In an AOTF the optical 
indicatrix fluctuates due to an alternating voltage applied over a piezoelectric crystal, 
which gives rise to a grating scatter of the incident light.  
The AOTF is connected to the laser to filter out the unwanted part of the 
supercontinuum, e.g. only a small part of a much broader spectrum is transmitted. 
The AOTF is manufactured by Crystal Technology [26] and operates in the range from 
900 nm to 1550 nm. The output pulses are shorter than 50 ps and less than 8 nm full 
width half maximum (FWHM). The vibration frequency of the optical medium can be 
chosen so that light of desired wavelength is deflected to the aperture where the 
GRIN fiber is connected [21].  
3.4.4 Detector 
The detector is a NIR MCP-PMT; R3809U-68 from Hamamatsu Photonics [28]. MPC is 
an acronym for Micro Channel Plate, and it consists of an array of millions of glass 
capillaries (channels), with a diameter of typically between 4-25 µm, fused together 
to form a thin disc, or plate [29, 30]. Both sides of the plate are coated with metal to 
provide equal and parallel electrical conductive connection to all the capillaries [30]. 
Incident photons first pass through a window of borosilicate glass. Then they will hit 
the photocathode, made of semitransparent InP/InGaAsP , on the inside of the 
window [29]. A photoelectron will be released through photoelectric emission. 
Because a potential difference has been applied across the plate, the electron will be 
accelerated towards the anode. When this initial electron enters a capillary channel 
in the plate, it will strike the adjacent channel wall and several electrons will be 
released by secondary emission. These electrons in turn will also be accelerated and 
strike the wall, releasing further more electrons [31]. Since each channel is a 
continuous dynode, creating electron avalanches, is the same principle as that of a 
photomultiplier tube (PMT) [30]. Eventually a cloud of several thousand of electrons 
will emerge from the rear of the plate, forming a charge pulse that can be measured. 
Given that the individual capillaries confine the pulse, the spatial pattern of the 
incident photons is preserved at the rear [31].  
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The detector works in a spectral range from 950 to 1400 nm. It is also associated with 
a cooling system [21].  
3.4.5 Time Correlated Single Photon Counting System (TCSPC) 
Technique 
 
Figure 3.6. The principle of the TCSPC method. The SYNC-pulse comes directly from the light source, and 
the pulse comes from the detector through a preamplifier.  
The computer used during the measurement is equipped with a TCSPC (Time 
Correlated Single Photon Counting System) card, model SPC-300 from Becker & Hickl 
[32]. The technique is based on single-photon detection of a periodic light pulse and 
the measurement of the detection times. Since the technique is recording an analog 
pulse, the time resolution is limited by the bandwidth of the detector. Now, the 
principle of each component in Fig. 3.6 will briefly be described. The detector sends 
pulses from the individual photons through a preamplifier to a fast discriminator; the 
Constant Fraction Discriminator (CFD). The CFD responds only to a constant fraction 
of the pulse amplitude, thereby avoiding amplitude induced timing fluctuations, e.g. 
noise. A second CDF receives pulses directly from the light source to gain a timing 
difference. The two output pulses from the CFD are used to start and stop the Time-
to-Amplitude Converter (TAC). The conventional TAC charges a capacitor with a 
switched current source, and it generates an output pulse proportional to the time 
between the arrival of the start and the stop pulse. The so called “reversed start-
stop” technique is used; the detection of a photon starts the charging of the 
capacitor and the next reference pulse from the source stops it. The TAC typically has 
a resolution of a few picoseconds. If the current between the start and the stop 
signal is constant, the final voltage of the capacitor represents the time. The output 
voltage is then sent from the TAC through a Biased Amplifier (AMP). This amplifier 
can be varied in gain and offset, and chooses a smaller time-window within the full-
scale conversion range of the TAC. The signal is thereafter sent to the Analog-to-
Digital Converter (ADC). Here the analog signal is converted to the digital equivalent 
of the photon detection time by the storage of the signal into thousands of channels. 
Since the channels have to be of the same width, it is very important that the ADC 
has an exceptionally high precision. The ADC output signal is used like a “code” for 
the measurement memory. Each time a photon is detected, the ADC output “code” 
addresses a certain memory location in the Multichannel Analyzer (MCA), equivalent 
to the detection time of the photon. By this process the photon distribution over 
time is built up in a histogram [32].   
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3.5 Computation 
A drawback with the MCML program is that it is not time-resolved, i.e. it cannot be 
used to simulate IRF measurements. However, the Biophotonics group has recently 
created a template for input in MCML which yields time-resolved outputs. The 
template is depicted in Fig. 3.7. 
Figure 3.7. Template of time-resolved input files for MCML.. 
In the template several parameters can be specified; the number of simulated 
photons, number of layers and refractive index for each one of them, absorption 
coefficient, scattering coefficient, anisotropy factor and thickness of the medium etc. 
The template is run through MCML creating two output files which then can be 
analyzed in MatLab.  
 
3.6 Experimental Work 
Three different investigations were carried out in this thesis: 
1. Spectroscopic measurements were done on a Spectralon®  tablet, with the 
purpose of investigating the wavelength dependence of the absorption and 
scattering coefficients, respectively. 
 2. Time-resolved MCML simulations were run, systematically changing the variables 
of sample thickness as well as absorption and scattering coefficients, with the 
purpose of finding a material suitable for IRF measurements. 
3. Four different materials were used during IRF measurements while 
spectroscopically measuring the optical properties of paper, with the purpose of 
separating the effect of the IRF material from the measurements, and in this way find 
a suitable, among the four tested, material for IRF measurements. 
Number 2 and 3 in the list above are somewhat related, given that they both aim at 
finding some suitable IRF material. However, because of the differences in method, 
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they will be described separately more in detail below, as well as the spectroscopic 
measurements performed on Spectralon®. 
3.6.1 Spectroscopic Measurements on Spectralon® 
A 2.82 mm thick, round tablet of Spectralon® 
was measured using the experimental setup 
described in section 3.4 using 16 different 
wavelengths from 625 nm to 1000 nm. The 
results were analyzed using TimeResolved_v3, 
see section 3.6.3, and the absorption and 
reduced scattering coefficients at different  
Figure 3.8. Photo of the Spectralon® tablet.    wavelengths were decided for the sample.  
3.6.2 IRF: Time-resolved MCML simulations 
Since black-printed paper is used today for IRF measurements, the optical properties 
of paper were investigated by studying earlier measurements [33, 34]. With these 
values as a starting point, some first trial simulations were made using the time-
resolved template. Thereafter several hundreds of simulations were systematically 
executed to obtain the optimal parameters for a material that can be used for IRF. 
Curves for TOF and angular distribution were plotted for all simulations. The 
simulations were also grouped after sample thickness, absorption coefficient and 
scattering coefficient, and then group wise plotted to see if some general conclusions 
could be drawn about the properties of a group. Several acceptable parameter 
results were found, some slightly better than others however. Unfortunately there is 
no database to search for materials with certain optical properties. Possible materials 
would have to be tested experimentally. 
3.6.3 IRF: Spectroscopic Measurements 
Four different materials were chosen to be 
studied experimentally. Naturally, the black-
printed paper used today was one of the 
materials that were tested. From now on this 
paper will be known as glossy paper, as its 
surface is slightly glossy. This glossy paper is 
made by the group from white writing paper by 
printing it black repeatedly in a printer. The next 
Figure 3.9. Picture of an IRF case.                 material that was chosen for the investigation 
              was a thicker black paper which is available 
commercially. This paper has a matter surface than the glossy paper, and will hence 
from here on be known as matt paper. The third material chosen was some black 
masking tape found in the laboratory. The glue was removed from the tape using a 
solvent, making it equal on both sides. Unfortunately the exact composition of this 
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tape is unknown, but at least one can say that it is some kind of a polymer. The 
fourth, and perhaps the most interesting, material used in these investigations was 
Teflon®. Teflon® PTFE (polytetrafluoroethylene) is a physically uniform material, see 
Fig. 3.10 [35]. It is known to be highly scattering. White Teflon tape was sprayed 
black on both sides to add absorption before measurements were executed.  
 
Figure 3.10. Chemical composition of Teflon®.  
To investigate these different IRF materials mentioned above, different numbers of 
sheets of white writing paper, that is different sample thicknesses, were used. 
Knowing the properties of paper through the simulation, the properties of the IRF 
materials under investigation can be extracted if desired.  
3.6.4 Analysis 
To generate the plots from the experimental data the third version of the Matlab 
based program TimeResolved_v3 was used. The collected sample data along with the 
corresponding IRF records are directly 
imported into the program, which then 
reduces the sample data with the IRF 
records to yield a higher precision in the 
measurement. The number of cycles for 
each measurement is set during the 
experiment, and can then be added and 
averaged by the program. After summing 
the cycles of measurement, these curves 
can be fitted to a specific model of choice. 
By the input of parameters, such as index of 
refraction and sample thickness, the 
program outputs values such as absorption 
coefficient and reduced scattering 
coefficient.  
Figure 3.11. The TimeResolved_v3 template. 
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CHAPTER 4 
RESULTS 
 
4.1 Spectroscopic Measurements on Spectralon® 
For the Spectralon® tablet with a thickness of 2.82 mm, as indicated in section 3.6.1, 
the absorption coefficient and the reduced scattering coefficient were measured for 
16 wavelengths between 625 and 1000 nm. The curves for both the coefficients as a 
function of wavelength are presented below in Fig. 4.1 and 4.2, respectively. 
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Figure 4.1. Plot of the absorption coefficient as a functions of wavelength for a Spectralon® tablet of 
thickness 2.82 mm. 
 
Figure 4.2. Plot of the reduced scattering coefficient as a function of wavelength for a Spectralon® tablet 
of thickness 2.82 mm. 
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It can be observed in Fig. 4.1 that there is a slight increase in absorption with 
wavelength. In Fig. 4.2 we see a decrease in the reduced scattering coefficient with 
increased wavelength. A discussion of the results is presented in Sec. 5.1 
 
4.2 IRF: Time-resolved MCML simulations 
More than 200 simulations were run, and plots were generated of the pulse shape, 
as well as the angular distribution, for each result. Several good results were found, 
e.g. narrow peaks (low FWHM) and simultaneously a large angular distribution to 
ensure good mode filling of the detection fiber. Some of these good results are 
depicted in Fig. 4.3-4.8 below.  Refractive index, set to 1.5, and g-factor, set to 0.95, 
were kept constant throughout the simulations. The rest of the input parameters for 
these three simulations, as well as the results yielded in terms of FWHM and angular 
distribution, are summarized in Table 4.1.  
 
 
Figure 4.3. Transmission rate as a function of time for simulation number 90. The input parameters are 
found in the legend of the figure, as well as in Table 4.1. 
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Figure 4.4. The angular distribution for simulation number 90. The input parameters are found in the 
legend of Fig. 4.3, as well as in Table 4.1.  
 
In Fig. 4.3 we see the transmission rate as a function of time for simulation number 
90. The FWHM for the peak was measured to approximately 0.019 ps. Figure 4.4 
shows the angular distribution for simulation number 90. The angular distribution 
was decided to 81.4%. 
Figures 4.5 and 4.6 below show the results for simulation number 162. Fig. 4.5 
depicts the transmission rate as a function of time, and the FWHM for the peak was 
decided to approximately 0.019 ps. Fig. 4.6 shows the angular distribution, which was 
decided to 81.4%. 
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Figure 4.5.  Transmission rate as a function of time for simulation number 162. The input parameters are 
found in the legend of the figure, as well as in Table 4.1. 
 
Figure 4.6. The angular distribution for simulation number 162. The input parameters are found in the 
legend of Fig. 4.4, as well as in Table 4.1.  
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Figures 4.7 and 4.8 represent the last simulation, simulation number 234, that will be 
accounted for in this section. In Fig. 4.7 the transmission rate is plotted as a function 
of time, and the FWHM for the peak was found to be approximately 0.019 ps. Fig. 4.8 
shows the angular distribution of the same simulation, decided to 81.5%.  
 
Figure 4.7. Transmission rate as a function of time for simulation number 234. The input parameters are 
found in the legend of the figure, as well as in Table 4.1. 
 
Figure 4.8. The angular distribution for simulation number 234. The input parameters are found in the 
legend of Fig. 4.7, as well as in Table 4.1.  
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Table 4.1 below compares the input parameters, as well as the results found for 
simulations 90, 162 and 234. 
Table 4.1. Comparison of input parameters and results for simulations 90, 162 and 234 depicted in Fig. 
4.3-4.8. Material thickness,    and    were inputs, while FWHM and AD (angular distribution) are 
results. The color coding is the same as in the corresponding figure. 
Simulation 
number 
   [  
  ]    [  
  ] Material 
thickness 
[ m] 
FWHM [ps] AD [%] 
90 6000 3 30 0.019  
 
81.4 
162 6000 5 30 0.019  
 
81.4 
234 6000 10 30 0.019  
 
81.5 
 
The simulation results are discussed in Sec. 5.2. 
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Matt paper: FWHM 51 ps
Tape: FWHM 51 ps
Teflon: FWHM 50 ps
Glossy paper: FWHM 51 ps
4.3 IRF: Spectroscopic Measurements 
Before measuring with any sample, the four IRF materials were measured at the 
same three different NIR range wavelengths, that is, for each wavelength the IRF 
curve was collected before any samples were added, as customary in these types of 
experiments. Fig. 4.9-4.11 include the IRF pulse shapes for each material at each 
wavelength chosen, that is, at 741, 803 and 900 nm. Fig. 4.9 below shows the IRF 
curves for the four materials at 741 nm. 
Figure 4.9. IRF pulses at 741 nm for black matt paper (green), black masking tape (red), black-sprayed 
Teflon (black) and glossy black paper (blue). The figure legend states the FWHM for each peak. 
It is seen in Fig. 4.9 that the peaks of tape (red curve), Teflon (black curve) and glossy 
paper (blue curve) coincide, and that the peaks of Teflon and tape overlap. Of the 
three, glossy paper gives the most intensity to the detector. The peak of matt paper 
(green) is found to the left of the other peaks, with an intensity approximately 
corresponding to the ones of tape and Teflon. The FWHM of the Teflon peak is 50 ps, 
while the FWHM for the rest of the materials is 51 ps.  
Fig. 4.10 below shows the pulse shape of each material at 803 nm.  
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Figure 4.10. IRF pulses at 803 nm for black matt paper (green), black masking tape (red), black-sprayed 
Teflon (black) and glossy black paper (blue). The figure legend states the FWHM for each peak. 
Just like in Fig. 4.9, in Fig 4.10 the peaks of tape (red curve), Teflon (black curve) and 
glossy paper (blue curve) coincide, and that the peaks of Teflon and tape overlap. 
Again, glossy paper gives the most intensity to the detector. The peak of matt paper 
(green) is once again found to the left of the other peaks, with an intensity slightly 
higher than the ones of tape and Teflon. The FWHM of the Teflon peak is 48 ps, while 
the FWHM for glossy paper and tape is 49 ps. For the matt paper, the FWHM is the 
same as at 741 nm, that is, 51 ps. 
In figure 4.11 we take a look at the pulse shapes at the last wavelength, 900 nm.  
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Figure 4.11. IRF pulses at 900 nm for black matt paper (green), black masking tape (red), black-sprayed 
Teflon (black) and glossy black paper (blue). The figure legend states the FWHM for each peak. 
At 900 nm, in Fig. 4.11, there are significant differences from Fig. 4.9 and 4.10. 
Although the peaks of tape, Teflon and glossy paper still coincide, the peaks of the 
tape and the Teflon no longer overlap. The intensity of the tape peak is nearly as high 
as for glossy paper, and approximately the same as for matt paper. The FWHM for 
the matt paper is still the highest with 48 ps. The Teflon peak has a FWHM at 46 ps, 
while the tape peak FWHM is 45 ps. The lowest FWHM is found for glossy paper with 
44ps.   
The four IRF materials were also tried when measuring with a sample, and white 
writing paper was chosen to be used as this sample. The thickness of one sheet of 
paper was measured to be 95 μm, and different numbers of sheets  were used to 
create different sample thicknesses. The sample thicknesses used were 5.39 mm, 
6.34 mm and 9.51 mm. After acquiring the experimental data for the four IRF 
materials with the three sample thicknesses at the three wavelengths, it was found 
that, when trying to fit this experimental data using the program TimeResolved_v3, 
the matt paper could be excluded from further investigation since was not possible 
to fit in a satisfactory way. TimeResolved_v3 is frequently used by the Biophotonics 
group, hence it is of importance that the IRF material can be fitted to the model of 
relevance by this program.  
From TimeResolved_v3 absorption coefficient, reduced scattering coefficient and 
FWHM on the sample with the IRF material, that is, FWHM, absorption coefficient 
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and reduced scattering coefficient, were produced. This information has been 
plotted in various figures, Fig. B.1-B.12, and tabulated with numerical values in Table 
B.1-B.3, all found in Appendix B.  
In Fig. B.1 to B.12 green marks correspond to sample thickness 5.39 mm, blue marks 
correspond to sample thickness 6.34 mm and red marks to sample thickness 9.51 
mm. IRF material glossy paper corresponds to square markers, while tape has been 
plotted with triangles and Teflon with circular markers.  
Fig. B.1-B.3 show the optical properties of white writing paper (sample) with IRF 
material glossy paper.  In Fig. B.1 we see how the absorption coefficient varies with 
wavelength. Fig. B.2 depicts the reduced scattering coefficient as a function of 
wavelength. In Fig. B.3 we see the FWHM as a function of wavelength. 
In Fig. B.4-B.6 the optical properties of the sample with IRF material tape have been 
plotted. Fig. B.4 shows how the absorption coefficient varies with wavelength, while 
Fig. B.5 shows how the reduced scattering coefficient varies with wavelength. In Fig. 
B.6 the FWHM has been plotted as a function of wavelength. 
Fig. B.7-B.9 show the optical properties of the sample using Teflon as IRF material. In 
Fig. B.7 the absorption coefficient has been plotted as a function of wavelength. Fig. 
B.8 shows the variation in reduced scattering coefficient as a function of wavelength, 
and Fig. B.9 depicts how the FWHM of the samples varies with wavelength. 
Fig. B.10-B.12 are a summary of Fig. B.1-B.9. In Fig. B.10 the absorption coefficient-
wavelength dependence has been plotted for all the IRF materials and all sample 
thicknesses. The figure corresponds to putting Fig. B.1, B.4 and B.7 on top of each 
other. Fig. B.11 shows the reduced scattering coefficient for all IRF materials and 
sample thicknesses as a function of wavelength, which corresponds to putting Fig. 
B.2, B.5 and B.8 on top of each other. The last figure is Fig. B.12 which illustrates the 
FWHM as a function of wavelength for all IRF materials and sample thicknesses, that 
is, putting Fig. B.3, B.6 and B.9 on top of each other.  
All the results mentioned above are further discussed in Sec. 5.3. 
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CHAPTER 5 
DISCUSSION AND CONCLUSION 
 
 
5.1 Spectroscopic Measurements on Spectralon® 
As one of the first measurements in the world of this type on Spectralon®, the 
absorption coefficient, as well as the reduced scattering coefficient, were measured 
at different wavelengths between 625 and 1000 nm, that is, within the NIR-range. As 
mentioned in section 3.2.1, Spectralon® has the highest diffuse reflectance of all 
known materials, meaning that it is highly scattering. In Fig. 4.1 we saw the 
absorption coefficient as a function of wavelength. It is noted that when the 
wavelength of the light is increased, the absorption is also slightly increased. In 
general, the absorption is very low, which is not strange given that the tablet appears 
white. In  Fig. 4.2 the reduced scattering coefficient was plotted as function of 
wavelength. As for the reduced scattering coefficient, we see a decrease in the same 
wavelength range, consistent with the theory; the wavelength dependence of 
Rayleigh scattering is roughly    .  
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5.2 IRF: Time-Resolved MCML Simulations 
The purpose of the simulations was, by systematically changing the input parameters 
and optimizing, to find the optical properties of a suitable IRF material. The starting 
point for these simulations was, which seemed reasonable given that paper is the IRF 
material used today, the input of the properties of white writing paper found in [34], 
and successively adding absorption. Later also other input parameters, such as 
scattering coefficient and material thickness, were also systematically changed. Over 
200 simulations were executed, and several good results were found, i.e. narrow 
FWHM peaks and decent angular distribution. Unfortunately there is no database for 
optical properties of different materials, meaning that the good results yielded could 
never be translated into a material.  
The three examples given as good results in Sec. 4.2 all had a scattering coefficient of 
6000     , corresponding to a reduced scattering coefficient of 300      if using 
g=0.95. Looking at Fig. 4.2 for Spectralon®, it can be seen that such a high reduced 
scattering coefficient is attainable. However, the absorption coefficients for the 
examples are quite high; 3     , 5      and 10     . The thickness of the material 
in all the three examples is 30   , which corresponds to roughly 1/3 of the thickness 
of a sheet of writing paper. 
 
5.3 IRF: Spectroscopic Measurements 
Since the sample used for all IRF measurements was the same, white writing paper, 
one could argue that the differences seen in the plots, found in Appendix B, are due 
to the IRF material. It is however important to remember that the sample used was 
white writing paper and that there is a probability distribution involved in the 
scattering due to the fibrous, unstructured, nature of paper. This probability 
distribution implies an uncertainty in the arrangement of scatterers in the sample, 
and similar effects are seen in the field of biophotonics when spectroscopically 
measuring tissue, etc. That the IRF materials should be the only difference between 
the measurements is not completely applicable in this case. Nonetheless, the trends 
seen in the results are considered to be trustworthy.  
In Fig. 4.9-4.11 the IRF peaks of each material was illustrated at different 
wavelengths. Teflon has the lowest FWHM at 741 nm and 803 nm, while the black 
glossy paper has the lowest FWHM at 900 nm. The peak of the matt paper is far from 
the other peaks at all three wavelengths, which might be a reason for why, after 
measuring with sample, it was not possible to fit the data using TimeResolved_v3. 
This makes the matt paper unsuitable for IRF data collection and excludes it from 
further investigations. 
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The results after fitting the remaining materials using TimeResolved_v3 are found in 
Appendix B.  
Fig. B.1, B.4 and B.7 depict the absorption coefficient for glossy paper, tape, and 
Teflon, respectively,  for the three materials at the three wavelengths in the NIR 
range. In all these figures the absorption coefficient decreases slightly from 741 nm 
to 803 nm, and then appears to stay approximately the same when increasing the 
wavelength from 803 nm to 900 nm. The sample thickness seems to have little 
influence on the results, which is not strange given that the sample is white and thus 
has low absorption.  Fig. B.10 is a compilation of Fig. B.1, B.4 and B.7, and Tables B.1-
B.3 states the numerical results. Little difference can be noted between the materials 
in general, but there might be a slightly better consistency for glossy paper. It is of 
course desirable that the absorption coefficient, which has the unit cm-1, of the IRF 
material does not change with increasing sample thickness. That there is a difference 
at all between the different sample thicknesses can possibly explained by that the 
sample papers have not been sufficiently pressed together and that the more paper 
sheets we have, the more air we might have in between them.  
For the reduced scattering coefficient, Fig. B.2, B.5 and B.8 show that results from 
using each IRF material do not differ significantly from each other. The reduced 
scattering coefficient, which is directly proportional to the scattering coefficient, 
decreases with wavelength just like the theory predicts. In Fig. B.11, which is a 
compilation of Fig. B.2, B.5 and B.8, a larger spreading between the different sample 
thicknesses for each wavelength can be noted. Naturally, the reduced scattering 
coefficient increases with sample thickness because a thicker sample increases the 
possibility of scattering events.  
In table B.1-B.3, among other things, the FWHM divided by the sample thickness can 
be found, that is, the FWHM in question per millimeter sample and IRF material. 
Expected would be to find, at least roughly, the same values in the corresponding 
squares for the different thicknesses; conversely this is not always the case.  
One probable explanation for this abnormality could be that the paper sheets have 
not been sufficiently pressed together, allowing air to enter in between the sheets. In 
attempting to make a linear fit of the FWHM as a function of sample thickness one 
should be able to state that there is zero FWHM for zero sample thickness, no matter 
the wavelength used. In reality the directional coefficient does seem to differ when 
using different wavelengths. The statement seems to roughly agree using 900 nm for 
all IRF materials, while the lower wavelengths, higher photon energies, anticipate the 
statement more poorly. The truth is that in real life experiments it is impossible to 
completely remove temporal drift of the system despite IRF measurements. Making a 
linear fit of the FWHM as a function of sample thickness with the values found in 
Table B.1 to B.3, IRF material by IRF material, it is noted that all values for all IRF 
materials are possible to fit without outlying values with only one exception; glossy 
paper at 741 nm.  
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Comparing the figures for FWHM for the different IRF materials, Fig. B.3, B.6 and B. 9, 
it is noted that the FWHM is the highest at 803 nm for all IRF materials. The 
spreading between the sample thicknesses is larger than in the cases of absorption 
and reduced scattering coefficients. This is obvious; it takes a longer time for a light 
pulse to go through a thicker sample than a thinner one. Fig. B.12 is the compilation 
of Fig. B.3, B.6 and B. 9, and it shows that there is a very little difference between the 
different IRF materials used.  
Practically, tape and paper are quite easily cut to fit the IRF case, but here Teflon® 
has a major drawback; it is fairly difficult to work with. The Teflon® is purchased on a 
roll, similar to tape, and it is white. To add absorption the Teflon® tape has to be 
sprayed black on both sides. This has to be done by pinning it down to some surface 
such as paper. Only small pieces of Teflon® can be sprayed at a time to avoid it from 
curling up. Another drawback of using Teflon® in IRF measurements is that it is very 
thin and can easily be pierced by the fibers, making it useless or even harmful to the 
detector.  
5.3.1 Future Work 
An IRF material should be such that it can guarantee mode filling in the detection 
fiber, that is, it should have some angular, uniform distribution. This is true for paper 
(as also could be seen in Fig. 4.3), but whether this is the case for any of the other IRF 
materials that were investigated is not known. Future work on suitable IRF materials 
might, after taking a look at the angular distribution of the materials investigated in 
this thesis, exclude more of them.  
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5.4 Conclusion 
Spectralon® is a highly scattering material, and thus a very interesting in terms of 
investigation of light scattering. We have seen that the lower the energy of the 
photons the lower the reduced scattering coefficient in the NIR range. The 
understanding of the mechanisms of light scattering and absorption in such a highly 
scattering material as Spectralon® might yield a better insight in the understanding of 
these mechanisms for less scattering materials, such as pharmaceuticals. In theory, 
NIR investigations of pharmaceuticals, etc., can provide structural information, such 
as the placement of the different molecules of the active substance, which may be 
highly interesting for development of safer, and perhaps cheaper, pharmaceuticals, 
with fewer side effects for instance.  
Optical properties for white writing paper have been decided in the NIR-range at 
wavelengths 741 nm, 803 nm and 900 nm. Three different sample thicknesses were 
used, and averaging these results may yield a decent result for the optical properties 
of one sheet of paper. By using different IRF materials in the measurements, it has 
been seen that the IRF material of use indeed is important to the outcome of the 
results. In most cases, when glossy paper is used as IRF material, we see the least 
broadening of the light pulse, which may suggest that this glossy paper is the most 
suitable material out of the tested ones. However, at 900 nm, Teflon® is just as 
suitable, or even more suitable than glossy paper.  Teflon® has the advantage over 
glossy paper that it is not fibrous in its nature, while glossy paper has the advantage 
that it is easier to work with in comparison to Teflon®.  
Not surprisingly, the tape absorbs the most of the tested materials. This effect 
decreases with sample thickness, which makes sense, given that we then reduce the 
ratio of IRF material thickness to sample thickness. The tape also scatters the most, 
suggesting that it is more dense in its structure. Mode filling of the detection fiber 
has not been investigated, however, a higher scattering coefficient suggests a better 
mode filling. In any case, it cannot be said anything about whether the mode filling of 
the glossy paper or the Teflon® is enough or not.  
It can be said that whatever material is used for the IRF measurements a systematic 
error is induced to the measurements. This is unavoidable and of less importance if 
the same systematic error is done consistently, meaning that the IRF material should 
not be changed for another one. The biophotonics group today uses glossy paper to 
carry out their IRF measurements. This investigating shows no signs of that this 
material is inappropriate in any way, which is why it is probably better for the group 
to stick to the glossy paper.  
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Appendix A 
Solid Angles 
The concept solid angle treats three-dimensional angles with unity steradians [sr] 
(stereo + radians) [36]. A solid angle, with its origin P at           in 
 , is defined by 
its cross-section with the unity sphere, see Fig. B.1. The unity sphere has an area of 
  , hence a solid angle is defined on the interval         
 
Figure A.1. A solid angle in a unity sphere.  
 
If we let    denote the solid angle extending from P, it is defined to as 
   
                                   
  
                   
where   is the distance from the point P. If we now define               as 
a linear differential arrangement with integer coefficients and say that it has a set of 
points where the function is non-zero, we can write (A.1) as  
       
                                                   
Since  is not overall zero, the integral is well defined over all space. To solve such 
integral it is more convenient to use spherical coordinates centered at P. Letting      
and   be such coordinates,    can be rewritten as 
                                                                  
and in this form    gives the solid angle stretched by the surface over which it is 
integrated. Rewriting also  in spherical coordinates yield               
gives 
                                                           
Integrating over all space yields 
                          
 
 
                          
 
 
  
   
 
P 
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Let us consider the event where      for some function u with derivatives of all 
orders and a set of points where the function is non-zero. Then, in equation (A.5) 
         in spherical coordinates, and this integral then reduces to the constant 
value     , so that the integration with respect to   and  multiplies with   , 
which then gives the basic equation 
                                                                  
[37] 
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Appendix B 
Investigation of IRF Materials 
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Figure B.1. Absorption coefficient as a function of wavelength with IRF material glossy paper. Different 
thicknesses of white writing paper (sample) at wavelengths 741 nm, 803 nm and 900 nm were used. 
 
 
Figure B.2. Reduced scattering coefficient as a function of wavelength with IRF material glossy paper. 
Different thicknesses of white writing paper (sample) at wavelengths 741 nm, 803 nm and 900 nm were 
used. 
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Figure B.3. FWHM as a function of wavelength with IRF material glossy paper. Different thicknesses of 
white writing paper (sample) at wavelengths 741 nm, 803 nm and 900 nm were used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
_______________________________________________________________________________________ 
 
56 
 
740 760 780 800 820 840 860 880 900
0
0.05
0.1
0.15
0.2
0.25
IRF: Absorption Coefficient as a Function of Wavelength for Tape
 [nm]

a
 [
c
m
-1
]
 
 
Sample thickness 5.39 mm
Sample thickness 6.34 mm
Sample thickness 9.51 mm
740 760 780 800 820 840 860 880 900
100
105
110
115
120
125
IRF: Reduced Scattering Coefficient as a Function of Wavelength for Tape 
 [nm]

´ s
 [
c
m
-1
]
 
 
Sample thickness 5.39 mm
Sample thickness 6.34 mm
Sample thickness 9.51 mm
 
 
 
 
 
Figure B.4. Absorption coefficient as a function of wavelength with IRF material tape. Different 
thicknesses of white writing paper (sample) at wavelengths 741 nm, 803 nm and 900 nm were used. 
 
 
 
 
 
 
Figure B.5. Reduced scattering coefficient as a function of wavelength with IRF material tape. Different 
thicknesses of white writing paper (sample) at wavelengths 741 nm, 803 nm and 900 nm were used. 
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Figure B.6. FWHM as a function of wavelength with IRF material tape. Different thicknesses of white 
writing paper (sample) at wavelengths 741 nm, 803 nm and 900 nm were used. 
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Figure B.7. Absorption coefficient as a function of wavelength with IRF material Teflon. Different 
thicknesses of white writing paper (sample) at wavelengths 741 nm, 803 nm and 900 nm were used. 
 
 
Figure B.8. Reduced scattering coefficient as a function of wavelength with IRF material Teflon. Different 
thicknesses of white writing paper (sample) at wavelengths 741 nm, 803 nm and 900 nm were used. 
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Figure B.9. FWHM as a function of wavelength with IRF material Teflon. Different thicknesses of white 
writing paper (sample) at wavelengths 741 nm, 803 nm and 900 nm were used. 
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